Currently composites are being used to replace conventional metallic materials in a wide range of industries including aerospace, aircraft and defense which require structural materials with high strength-to-weight and stiffness-to-weight ratios. GFRP composites are used in fairings, passenger compartments, and storage room doors due to their high mechanical properties. Out of all the machining operations, most commonly used operation is drilling. But drilling of these composite materials, irrespective of the application area, can be considered a critical operation, owing to their tendency to delaminate when subjected to mechanical stresses. With regard to the quality of machined component, the principal drawbacks are related to surface delamination, fibre/resin pull-out and inadequate surface roughness of the hole wall. Hence it is essential to understand the drilling behaviour by conducting a large number of drilling experiments and drilling parameters such as feed rate and spindle speed should be optimized. This paper presents the effect of speed and feed on delamination behaviour of composite materials by conducting drilling experiments using Taguchi's L 25 , 5-level orthogonal array and Analysis of variance by using three different tools namely Twist drill ,End mill and Kevlar drill. ANOVA was used to analyse the data obtained from the experiments and finally determine the optimal drilling parameters in drilling GFRP composite materials. Results of these experiments revealed that increasing the spindle speed and reducing feed rate can reduce the delamination within limits of specified speed and feed rates. Too low feed rate and too high spindle speed can also increase the delamination. Results also revealed that feed rate is the more influential factor on delamination than spindle speed.
Introduction
Mankind was aware of and using composite materials from ancient times in improving the quality of life. In recent times the development and application of composite materials in all branches of engineering are occurring at an increasingly fast pace. Contemporary composites are the results of research and innovations during the last few decades when these progressed from glass fibre for automobiles to particulate composites for aerospace. Some define composite as "materials composed of two or more distinctly identifiable constituents". But modern composites developed for specific purposes like flake, particulate and laminar composites defy such definitions. Fibres or particles embedded in matrix of another material which are mostly structural are latest developments. Glass fibre reinforced polymer (GFRP) is one such composite developed for structural applications.
GFRP composites are used in fairings, passenger compartments, storage room doors due to their high mechanical properties. Drilling using twist drill is the most common operation of secondary machining for fiber-reinforced materials. However, composite laminates are regarded as hard-to-machine materials, which results in low drilling efficiency and undesirable drilling-induced delamination. For rivets and bolted joints, damage-free and precise holes must be drilled in the components to ensure high joint strength and precision. However, composite laminates are non-homogeneous, anisotropic, and highly abrasive and have hard reinforcement fibers, which make them difficult to machine. Among the problems caused by drilling, delamination is considered the major damage. It was reported that, in aircraft industry, the rejection of parts consist of composite laminates due to drilling-induced delamination damages during final assembly was as high as 60%; Wong T.L et.al, (1982) Defu Liu, Yongjun Tang and W.L Cong. (2012) mentioned that amongst all machining operations, drilling using twist drill is the most commonly applied method for generating holes. A large number of experiments were conducted by Lee SC, Park J N, Chen W C, (1995) , Wang X, Davim JP(2004), Tsao CC, Hocheng H(2004 , 2005 to research the influence of input variables (spindle speed, feed rate, and drill bit geometry) on output variables (delamination & thrust force). Park KY, Choi JH & Lee DG (1995) firstly introduces grinding drilling to reduce delamination by improving drilling performance. Tsao CC & Hocheng H(2004) investigated that delamination generally resulted from excessive thrust force and smaller delamination holes could be obtained when grinding drilling composite laminates . A low (<1000 Hz) or high (>1000 Hz) frequency and low amplitude vibration if superimposed on a twist drill bit along the feed direction during drilling could reduce the delamination. Ramkumar J, Malhothra SK, Krishnamurthy R (2004) found that the thrust by (vibration-assisted twist drill) VATD was reduced by 20-30%, compared with conventional drilling. Therefore, VATD used to reduce the delamination damage during drilling of composite laminates. Unlike conventional drilling operation, high speed drilling operation of composite laminates has to be conducted in a high speed drilling machine system which is very expensive. Investigators revealed that the delamination tendency decrease with increased in cutting speed and the combination of low feed rate and point angle was also essential in minimizing delamination during high speed drilling of composite laminates.
H. Hochenga, C.C. Tsao(2006) studied effects of special drill bits on delamination of composite materials and found that core drill was able to with stand the highest feed rate with reduced delamination. From literature it is clear that twist drill bits made of HSS or carbides are the primary attraction in drilling of composite laminates among various drill bits. However, the applications of other drill bits in drilling of composite laminates are also very extensive to improve machinability of composite laminates. Most of investigators found that using drill bits with different geometry and materials in drilling of composite laminates gave more advantages & benefits.
For practical machining of GFRP, it is necessary to determine the optimal machining parameters to achieve less delamination etc. Optimization of process parameters is the important criterion in the machining process to achieve high quality. Most of the studies on GFRP show that eliminating delamination is very difficult. K Palanikumar.K. (2011) conducted experiments on GFRP composites using Brad & Spur drill and optimized drilling parameters by using two input variables with four levels and concluded that low feed rate and high spindle speeds were beneficial to reduce delamination. Previous researchers carried out the experiments with three or four levels for optimisation of input parameters. In the present study the experiments are carried out using Twist drill (HSS), end mill (Carbide)and Kevlar drill( Carbide) to find the optimum drilling parameters using 5-level Taguchi's L 25 orthogonal array and also to analyse the effect of drill bit material and geometry on delamination.
Materials and experimental procedure

Materials
The laminates were composed of 26 layers, laid-up in the symmetrical form [0, 90] . The fibers were unidirectional (UD) E-Glass. The applied resin was of grade L-12 with K-5 hardener. The thickness of the laminate was 6mm. Twist drill made of HSS and End mill, Kevlar drill made of Carbide steel each of 10 mm diameter, were used for the drilling operation shown in fig.1,2 and 3 . Drilling was carried out on a MAKINO S 56 CNC vertical milling machine with maximum rpm of 3000. The experimental set-up is shown in fig.4 . Profile projector was used to measure the maximum diameter due to delamination around the hole. 
Design of experiments
DOE is an important tool for designing processes and products. DOE is a method for quantitatively identifying the right inputs and parameter levels for making a high quality product or service. A proper design of experiments (DOE) is conducted to perform more accurate, less costly and more efficient experiments
In order to minimize the number of tests required, Taguchi experimental design method, a powerful tool for designing a high quality system, was developed by Taguchi. This method uses a special design of orthogonal arrays to study the entire parameter space with a small number of experiments. In this study, two machining parameters were used as control factors and each parameter was designed to have five levels, denoted 1, 2, 3, 4 and 5 (Table 1) . Each experiment was repeated twice for getting reliable data. The averages of two tests were taken for determining delamination factor. The experimental design was according to an L 25 array based on Taguchi method (Table 2) . Minitab software was used for Taguchi analysis. Using Analysis of Variance (ANOVA), the effect of input parameters on delamination factor is studied. 
Delamination Factor (F d )
An index or factor called delamination factor (F d ), F d =D max /D is used to determinate the extent of delamination. Capello E (2004), Davim J.P, et.al.(2004) .The scheme of evaluating delamination factor is shown in figure5. Alternatively the ratio of delaminated area to the hole area has been used to determine the extent of delamination by Dini G. (2003) D max is the maximum diameter created due to delamination around the hole and D is the hole or drill diameter.
Results and discussions.
A drilling test was conducted to evaluate the effect of cutting parameters on the damage to work piece. The damage around the drilled hole was measured using a profile projector with magnification 20. After measuring the maximum diameter Dmax of the damage around each hole, the delamination factor is determined by using the equation as mentioned in the section 2.3. Table 3 illustrates the influence of cutting parameters on the delamination factor. From the above table it can be observed that the delamination is increasing with the feed rate and decreasing with the spindle speed except at the feed rates of 50 mm/min and spindle speeds of 3000 rpm for all the drilling tools used in this study. In the Taguchi method, Signal to noise ratio (S/N) is the measure of quality characteristics and deviation from the desired value. By applying equation given below, the S/N values for each experiment of L 25 (Table 3 ) was calculated and tabulated in Table 4 . The signal-to-noise ratios were calculated using the condition smaller is the better.
F d is the measured delamination, F 1 is the ideal delamination = 1 and n is the number of trials Based on the results of the S /N ratio, the optimal cutting parameters for the delamination were obtained as feed rate at Level 2 (100mm/min) and the cutting speed at Level 4 (2500rpm) for all the three tools, where S/N values are high(see fig.6 and fig.7 . From these graphs, it can be observed that at 3000 rpm there is a sudden increase in the delamination factor against the excepted lower value. This is due to the reason that when the drill speed increases, the thrust force increases and the consequent severe heat generation in the drilling area leads to softening of the fiber and matrix. As a result, fiber cutting becomes harder for the cutting edges of the drill and drilling thrust force increases. It can also be observed that the feed rate increases from50 mm/min to 100 mm/min, the delamination factor decreases. The reason may be at the feed rate of 50 mm/min, more heat is generated and transferred to the laminate in the drilling area as the time of drilling increases with decrease in feed rate. This is in good agreement with the results obtained by Faramarz Ashenai Ghasemi et.al. (2011) .The same behaviour was observed for all the three tools. Further it can be observed from the table.3, that lowest delamination is at the spindle speed of 2500 rpm and feed rate of 100mm/min. From the Table 6 , the delta values for feed rate are more compared to the delta values of spindle speed. The rank for feed rate is 1 and that of spindle speed is 2.Thus from the table 5(F value larger). It is clear that feed rate affects the delamination factor more than spindle speed. Thus from the level 5 experiments it is clear that optimized value or the least delamination factor input parameters are feed rate of 100 mm/min and spindle speed of 2500 rpm and feed rate is the more influential factor on delamination than spindle speed.
Prediction for Optimized Value and Confirmation Test
From S/N analysis and mean response characteristics, the optimum levels of delamination factors were calculated as Level 2 (A 2 ) for feed rate and Level 4 (B 4 ) for spindle speed. Hence, the predicted mean of delamination factor is calculated using the equation given below by Nilrudra Mandal, B et.al. (2011) 
is the average of delamination factor corresponding to all the 25 readings(delamination factor) in table3.
A 2 and B 4 are the average values of the delamination factor with input parameters at their respective optimal levels and F d opt denotes the predicted mean of delamination factor at optimum condition.
The calculated values of various response averages for twist drill are = 1.0856, A 2 = 1.061 and 4 = 1.077. So substituting these values in above equation the mean optimum value of delamination factor has been predicted as 
Comparison between the effect of use of Twist Drill, End Mill and Kevlar drill on delamination.
The thrust force during drilling of composite laminates depend on input variables such as cutting speed or spindle speed, feed rate, drill bit geometry, number of drilled holes (tool wear) and drilling operation. Most investigators find that the effect of cutting speed on the thrust force in drilling of composite laminates is insignificant and the thrust force decreases slightly with increasing cutting speed, while the effect of feed rate on the thrust force is remarkable and the thrust force increases with increasing feed rate. The cutting speed has insignificant effect on thrust force in drilling GFRP composite laminates with fresh drill bits, while thrust force increases noticeably with increasing cutting speed when using worn drill bits. Drill bit geometry also affects significantly the thrust force during drilling composite laminates. It is observed that the point angle of twist drill bit has a clear effect on the delamination when drilling composite laminates. The thrust force increased noticeably with increasing point angle of twist drill bit. Therefore, in order to decrease the thrust force, the smaller point angle is a good choice for drilling of composite laminates. The experiments results reveal that twist drill is having more or large value of delamination factor compared to End mill and Kevlar drill. This is due to the reason that the delamination tendency increased with the point angle. The end mill used was four fluted which reduces delamination to a lower value compared to twist drill because of its geometry, that is four flutes and flat end, which may reduce the thrust fore and in turn lower the delamination. It was also observed that the delamination is very much less as compared to both Twist drill and End mill. Kevlar drill bit is a specially designed for drilling of GFRP composites it geometry includes two fluted with a point angle from the centre which acts as pre drilling and this result in reduce the thrust force, thereby reducing delamination. Further from the figure 8, it can be observed that values of delamination factors are nearly same at very low feed rates all the tools. There is a large variation at intermediate and high feed rates. From the figure 9, one can conclude that at higher spindle speeds mean delamination factor is high, irrespective of the tool geometry and the material. Tool geometry and the material affect the delamination at lower spindle speeds and higher feed rates. It quite interesting to note that at very low feed rates (level1) and very high spindle speeds (level5) all three tools shows almost same mean delamination factor irrespective of their material and geometry. It implies too low feed rate and too high spindle speeds are also not preferable to reduce the delamination. But very high spindle speeds in the order of ten thousands rpm will reduce the delamination as mentioned by Campos Rubio J et al. (2008) . This is may be due to the severe heat generated because of friction between the tool and work, which may completely make the reinforce matrix weak and makes drilling much easier and hence thrust force is minimum causing lower delamination.
Conclusion
This paper has presented an application of the Taguchi method for the delamination study of drilling of GFRP composites. The conclusions of this present study are 
Kevlar drill
The analysis of experimental results is carried out using Taguchi's orthogonal array and analysis of variance. The level of the best of the cutting parameters on the drilling induced delamination is determined by using ANOVA. The drilling induced delamination increases with spindle speed (1000rpm-2500rpm) and decreases with feed rate (100mm/min to 400mm/min). The results for very low feed rate i.e., 50mm/min and high spindle speed 300rpm show the opposite trend. In both the cases delamination factor increases instead of decreasing. The reason for higher delamination at spindle speed 3000rpm may be, when the drill speed increases, the thrust force increases because severe heat generation in the drilling area leads to softening of the fiber and matrix. As a result, fiber cutting becomes harder for the cutting edges of the drill and drilling thrust force increases further causing more delamination. The reason for higher delamination at the feed rate 50mm/min may be that at the feed rate of 50 mm/min, more heat is generated and transferred to the laminate in the drilling area. This may be cause local thermal destruction of the work piece with undesirable results on delamination. The results of ANOVA reveals that feed rate is the main cutting parameter, which has greater influence on the delamination factor Based on the S/N, optimal parameters for the minimum delamination are the spindle speed at Level 4 (2500 rpm) and the feed rate at Level 2 (100mm/min). Predicted values of delamination at optimized process parameters were in good agreement with the test results. Feed rate is the more influential factor on delamination than spindle speed. Almost similar trend that is delamination decreases with increasing the spindle speed and decreasing with feed rate for all the tools, but delamination was observed to be less in the case of Kevlar drill. At higher spindle speed delamination is high, irrespective of the tool geometry and material, all the tools shows higher values of mean delamination factor at higher spindle speeds. Similarly feed rate delamination is high, irrespective of the tool geometry and material, all the tools shows higher values of mean delamination factor at very low feed rate.
